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The primary purpose of this work is to advance new sample preparation and analytical 
methods for ice core tephrochronology. When a volcanic source can be accurately identified 
using volcanic glass particle geochemistry, it may provide a robust time reference for the ice 
core’s timescale. The presence of an identifiable tephra layer may also suggest atmospheric 
pathways at the time of deposition, or assist in reconstructing volcanic forcing of climactic state 
for a specific event. One of the perpetual challenges in ice core based tephrochronological work 
is measuring the geochemical composition of ultra-fine particles (<10 μm). Not only is it 
difficult to extract these particles from ice core samples, but obtaining fully quantitative 
geochemical measurements is also a challenge because of the very fine grain size. In this work, 
we attempt to further improve SEM-EDS based tephra measurements to unveil their fullest 
potential.  
The first chapter explores the use of recent particle mounting methodological 
advancements to examine the source of a volcanic horizon in 1450s. This work suggests that the 
widely accepted source of Kuwae Caldera in Vanuatu is incorrect and will be submitted to 
Nature Geosciences for publication. The second chapter outlines the results of experiments with 
ii 
 
testing a recently developed fully quantitative SEM-EDS geochemical measurement protocol 
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ANTARCTIC ICE CORE TEPHRA GEOCHEMICAL STUDY OF 1450’S INTERVAL 
QUESTIONS KUWAE SOURCE 
1. Summary 
 A large volcanic sulfate increase observed in ice core records around 1450 C.E. has been 
attributed in previous studies to a volcanic eruption from the submarine Kuwae caldera in 
Vanuatu.  Both EPMA – WDS (electron microprobe analysis using a wavelength dispersive 
spectrometer) and SEM – EDS (scanning electron microscopy analysis using an energy 
dispersive spectrometer) analyses of several volcanic ash (tephra) particles extracted from ice 
associated with the ca. 1458 C.E. sulfate peak interval in the South Pole ice core (SPICEcore) 
indicate that the tephra deposits are chemically distinct from those erupted from the Kuwae 
caldera. Recognizing that the sulfate peak is not associated with Kuwae volcano requires revision 
of the stratospheric sulfate injection mass that is used for parameterization of paleoclimate 
models. Future work is needed to identify the source of the eruption. 
2. Introduction 
 The second largest sulfate loading event in the last 2000 years has long been thought to 
originate from the Kuwae caldera in Vanuatu. This event would be second only to the 1259 C.E. 
Samalas eruption in Indonesia (Sigl et al., 2015) in sulfate emission for the last 2,500 years of 
volcanism, and would have had a similar to or possibly larger impact on the climate system than 
the 1815 C.E. Tambora eruption (Cole-Dai et al., 2000, Gao et al., 2006, Witter and Self 2007). 
Ice core studies first suggested the occurrence of a large volcanic event around 1450 C.E. based 
on glaciochemical evidence in a South Pole ice core (Legrand and Kirchner 1990), a large 
electrical conductivity spike at 1460 C.E. in East Antarctica (Moore et al., 1991), and a sulfate 
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increase between 1380-1460 C.E. in a South Pole ice core (Delmas et al., 1992). The Greenland 
ice sheet acidity record also shows a modest increase at 1450 C.E. (Hammer et al., 1980), which 
was not thought to be a volcanic event at the time. Pang (1993) later tied the southern 
hemisphere ice core anomaly to a large volcanic event from Kuwae volcano in Vanuatu 
primarily utilizing historical reports and tree ring data. The Kuwae caldera collapse was first 
suggested to have occurred in 1425 C.E. by Monzier, Robin, and Eissen (1994) based on 
historical reconstructions and C14 dating. The timing was again later revised by Robin, Monzier, 
and Eissen (1994) to 1452-1453 C.E. by combining 14C and ice core chronologies. Published tree 
ring frost damage (LaMarche and Hirschboeck 1984) and density data (Briffa et al., 1998) were 
interpreted as being the result of a strong cooling in the northern hemisphere in 1453 C.E., 
seemingly confirming 1452 C.E. as the start of the major volcanic eruption.  
 A number of Greenland and Antarctic ice core studies (e.g. Zielinski et al., 1994, Cole-
Dai et al., 2000, Gao et al., 2006, Ferris et al., 2011) accepted the 1452 C.E. age and Kuwae as 
the source caldera. However, the Law Dome ice core record (Plummer et al., 2012) captured the 
largest sulfate signal around 1458 C.E. This new 1458 C.E. date was used to tune the WDC-06 
time scale and ultimately revise the Greenland ice core time scale (Sigl et al., 2014, 2015).  
Recently, the eVolv2k compilation of stratospheric volcanic injections listed 1458 C.E. 
event as the third largest since 500 B.C.E., but Kuwae was not listed as a potential source 
(Toohey and Sigl, 2017). This is probably because some authors suggest that the Kuwae caldera 
eruption was largely submarine, and therefore rejects Kuwae as a source for 1450’s sulfate in ice 
cores altogether (Nemeth et al., 2007). However, tree-ring based paleoclimate reconstructions 
strongly suggest that a major cooling event took place in 1453 C.E. in the Northern Hemisphere 
(LaMarche and Hirschboeck 1984, Briffa et al., 1998, Esper et al., 2017); implying that a tropical 
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volcanic event occurred in 1452 C.E. There are no similar reconstructions yet available for the 
Southern Hemisphere.  
Here we test the proposed source of this large sulfate signal by investigating the 
geochemical composition of cryptotephra extracted from ice sampled between 72.528-72.63 
meters depth of the South Pole Ice Core (SPICEcore) from Antarctica (89.99°S, 98.16°W; Figure 
1.1). According to the working version of the SPICEcore timescale developed using annual layer 
counting and volcanic signal synchronization with WDC-06A ice core, this depth interval 
corresponds to 1458 C.E (Figure A.1). To date, no ice-core-based studies have analyzed 
cryptotephra (micron size volcanic glass particles) extracted from the mid-1450s interval. 
Cryptotephra geochemistry is instrumental for independent verification of developed time scales 
and source confirmation of identified volcanic events; which is what this work was originally 





Figure 1.1 Map. Locations of SPICEcore site and potential volcanic sources mapped using GMT 
5.4.4. (Wessel et al. 2013).  
3. Methods 
 The sampled interval targeted to sample tephra associated with the 1450s sulfate anomaly 
was selected based on the timescale developed using the electrical conductivity (ECM) and 
volcanic sulfate anomalies matches to the WD2014 chronology (Sigl et al., 2016) and previously 
published South Pole ice core records (see summary in Ferris et al., 2011). The time scale was 
refined by interpolation between the age markers using annual layer identification of multiple 
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major ions from developed continuous glaciochemical time series (primarily Mg2+, Na+, and 
liquid conductivity) and visual layer counting (Figure A.1). The remarkable manifestation of the 
sulfate-based volcanic record at the South Pole is attributable to low dust, biogenic, 
anthropogenic sulfate contributions, and stratospheric-sourced air masses (Legrand and Kirchner, 
1990). Figure A.1 highlights the studied SPICEcore interval and correlated volcanic signals in 
other Antarctic ice core records.  
 Using improved ice core tephra mounting methodologies following Iverson et al., 2017 
(Appendix A.2), five tephra particles (ca. 5-50 µm in size) were captured and analyzed using a 
Tescan Vega-II XMU scanning electron microscope (SEM) equipped with an EDAX Apollo 
SSD40 energy dispersive spectrometer (EDS). The particles were analyzed on a single spot with 
a 140 pA beam for 100 seconds of live time at 15 kV of accelerating voltage. Major element 
oxides were calculated and adjusted using the semi-quantitative EDAX Genesis PhiRhoZ 
internal quantification procedure and the USNM 72854 VG-568 rhyolitic glass standard. The 
two largest particles were then polished and subsequently reanalyzed using a Cameca SX-100 
electron microprobe equipped with five wavelength dispersive spectrometers (WDS). All 
measurements were made using instrumentation at the University of Maine. Analytical settings 
are discussed in Appendix A.3. Appendix A.4 shows all analytical cryptotephra geochemical 
data which is displayed in Figure 1.2. 
4. Results 
 Figure 1.2 and Appendix A.4 show the major element concentrations (expressed as oxide 
weight percent) for 2 particles measured by EMPA-WDS and for 5 particles measured by SEM-
EDS. Particles with two analyses are averaged normalized data of both analyses. A 2% 
uncertainty for SEM-EDS analyses was established in previous studies for tephra work (Iverson 
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et al., 2017), and the standard deviation of three analyses of a standard rhyolite glass fit within 
this parameterization (Appendix A.4). The particles found in the SPICEcore are rhyolitic with 
~75 wt. % SiO2, ~3 wt. % Na2O and K2O, and ~2 wt. % FeO.  
 The results show slight variations between the two measurement techniques and within 
populations measured using the same instrumentation. The SEM-EDS population variations, 
notably in K2O and CaO, can be explained by the particles being unpolished. Iverson et al., 2017 
established that for some major element oxides, unpolished SEM-EDS measurements are robust 
enough to be useful for geochemical comparison despite a high standard deviation. However, 
having topography will cause some geochemical variation within the population (Goldstein et al., 
2017). In addition, the microprobe results show generally higher Na2O wt% compared to the 
SEM-EDS measurements. This is expected because microprobes measure Na2O in the first 
counting period during EPMA analyses, whereas all elements are measured simultaneously 
during SEM-EDS analyses, and the SEM-EDS measurements are on unpolished particles. 
5. Discussion 
 The geochemical composition of volcanic glass particles extracted from the ice core is 
very distinct from Kuwae eruptive products. The Kuwae glass analyses published by Robin, 
Monzier, and Eissen 1994 define a basic to intermediate geochemical composition (Figure 1.2). 
The high SiO2 observed in ice core tephra particles is inconsistent with any known Kuwae 
eruptive products. An argument could be made that these particles represent a more evolved 
composition of the Kuwae glass; however, low K2O values do not support this (Figure 1.2). The 
expected trend for the measured ice core cryptotephra SiO2/K2O ratio is in disagreement with 
values expected for Kuwae eruptive products, which suggests that the ice core tephra originated 
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from a different source. Because the composition of ice core cryptotephra is chemically distinct 






Figure 1.2 Harker Diagrams. Harker variation diagrams showing the composition of tephra 
particles extracted from the SPICEcore with possible volcanic sources. Ice core cryptotephra 
geochemistry is reported in Appendix A.4. Red triangles represent ice core particle data analyzed 
using SEM-EDS. Red filled in triangles represent ice core particle data analyzed using EMPA-
WDS. Figure A.5 shows a subset of this figure enhancing where the new particle data reside and 
the closest chemical matches. 
Relatively large particle size (Figure 1.3, Appendix A.4) implies rapid (within weeks 
after the injection into the atmosphere) particle transport, so a range of regional and remote 
volcanic sources are possible. Typical regional sources for tephra in Antarctic ice cores are 
Antarctic, sub-Antarctic, South American, and New Zealand volcanoes (e.g., Basile et al., 2001; 
Dunbar and Kurbatov 2011, Dunbar et al., 2017).  
 
Figure 1.3. Particle Images. Representative cryptotephra particle images from 72.528-72.63 m 
SPICEcore sample. Each BSE image was taken on the Tescan Vega-II XMU before polishing 
and analysis by EMPA-WDS. Numbers in upper left corner represent the particle number shown 
in Appendix A.4. 
The present characterization of South American and Antarctic volcanism in the 1450's is 
less comprehensive than other localities (i.e. New Zealand) and a volcanic eruption from these 
regions could be a source for SPICEcore tephra deposits. The large grain size of the particles 
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suggests a tropospheric transport from a source in the southern hemisphere. According to 
Thouret et al. 2001, an eruption was observed in the 1450s C.E. at El Misti volcano in Peru. 
Geochemical data from this area are plotted in Figure 1.2 for comparison. SPICEcore SiO2 and 
K2O geochemical values are inconsistent with El Misti chemical compositions. Antarctic 
volcanism during the last 1000 years typically has a basic composition (Le Masurier and 
Thompson, 1990) and no known rhyolitic eruptions occurred in the 15th century in Antarctica. 
However, the Malta Plateau volcanic area is known for compositionally evolved lavas (Le 
Masurier and Thompson, 1990). In Figure 1.2, we compare a general geochemical suite of 
eruptive products from this area. Unfortunately, FeO values from Malta Plateau volcanic 
products are in a range of 3-10 wt. %, which is higher than the 1-2.5 wt. % measured from 
SPICEcore samples.  
 The last 1000 years of the New Zealand volcanism record is fairly comprehensive (Lowe 
et al., 2013), therefore missing a large eruption from a New Zealand source would be unlikely. 
One large New Zealand rhyolitic event was the Kaharoa eruption which occurred in 1314 C.E. 
from Taupo Volcanic Zone (Hogg et al., 2002; Figure 1.1). The age alone makes Kaharoa an 
unlikely source for the SPICEcore tephra deposits. Because the tephra was extracted from a 
relatively modern part of the ice core record, its timescale layer counting uncertainties are low 
(+/- 3 years). In addition, comparing microprobe measurements, SPICEcore tephra has 1.4 wt. % 
CaO vs. 1.2 wt. % for Kaharoa and the K2O value is lower (2.8 wt. % vs 3.3 wt. % for Kaharoa) 
(Newnham et al., 2004). Therefore, both the chemical composition of the Kaharoa tephra and the 
age make Kaharoa an unlikely source for SPICEcore tephra. There are no other identified 
eruptions from New Zealand around the 1450’s, which makes New Zealand an unlikely source 
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for the tephra extracted from SPICEcore, especially considering how comprehensive the New 
Zealand volcanism record is. 
 The highly variable magnitude and duration of the sulfate peak observed in many ice core 
records (Figure A.1) favors a regional, Antarctic or sub-Antarctic source volcanic eruption 
around 1458 C.E. The 1453 C.E. temperature anomalies in the Northern Hemisphere and the 
sulfate increase in Greenland ice cores around 1454 and 1460 C.E. (Cole-Dai et al., 2013) can be 
possibly attributed to several different volcanic eruptions occurring in the northern hemisphere. 
Several moderate eruptions occurring in both hemispheres over a short time frame could have 
complex global effects on atmospheric circulation patterns and temperatures (Schmidt et al., 
2018).  We agree with Esper et al., (2017) that potentially different timing and location sources 
for signals attributed to a large volcanic eruption from the Kuwae caldera call for revision of 
parameterization values for volcanic forcing time series used in climate models.  
 In addition, the 1458 C.E. Antarctic sulfate signal timing should not be used to adjust the 
Greenland sulfate signal originally observed at 1452 C.E. (LaMarche and Hirschboeck 1984, 
Briffa et al., 1998, Zielinski et al., 1994, Gao et al., 2006, Esper et al., 2017). Therefore, the 
proposed bipolar synchronization of a 1458 C.E. event (Sigl et al., 2015) should be rejected. 
6. Conclusion 
 This study presents the first quantitative EMPA-WDS and EDS-based geochemical data 
set on volcanic glass particles extracted from the 72.528-72.63 m depth of the SPICEcore. These 
new data challenge previous studies that suggested the large sulfate peak present during the 1458 
C.E. time interval (Sigl et al., 2015) is associated with a large tropical eruption from the Kuwae 
volcano in Vanuatu. An accurate determination of the volcanic eruption source and magnitude is 
important and data presented here suggest that Kuwae has been incorrectly used in past climate 
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model simulations as a source of the ca. 1450s C.E. sulfate signal. Although no volcanic source 
is identified, particle size and sulfate appearance in many Antarctic ice core records suggests the 
eruption is likely affiliated with a tropospherically transported aerosol cloud. This data 
contributes to the Antarctic tephra framework needed for future tephrochronological studies, and 





EXPLORING EMERGING GEOCHEMICAL METHODS FOR 
PARAMETERIZATIONS OF TROPICAL TEPHRA IN ICE CORES 
1. Introduction 
 The fundamental principle of X-ray spectrometry is to obtain fully quantitative data on 
standard and reference materials, under the same operating conditions. Since the inception of the 
method in 1951, this has been primarily accomplished using an electron probe microanalyzer 
(EPMA) equipped with a wavelength-dispersive X-ray spectrometers (WDS). The orientation of 
a diffracting x-ray diffracting crystal and detector can be adjusted to sequentially analyze the 
intensity of element specific wavelengths to determine their concentration.  While the high 
spectral resolution of WDS has advantages in signal to noise ratio, precision, detection limits, 
and minimized peak overlaps; geometry requires significant distance between the sample and the 
detector.  This requires longer counting times and higher beam currents for analysis, which can 
cause issues with sample integrity and ultimately impacts data quality (e.g., Hunt and Hill, 2001, 
Lowe 2011).  
 An established alternative X-ray detection method involves using a scanning electron 
microscope (SEM) equipped with an energy-dispersive spectrometer (EDS). The SEM-EDS 
method enables a relatively fast, easy, and robust way to establish the entire geochemical 
signature of the material. EDS detects all elements within the sampling volume. Shorter detector-
sample distance allows a greater solid angle above the sample to be subtended and count rate 
maximized (Goldstein et al., 2017). 
 The ultimate goal of this study is to test the feasibility of obtaining a fully quantitative 
chemical fingerprint from cryptotephra, or small volcanic ash particles (generally <10μm in 
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size). These volcanic ash deposits serve as a chronostratigraphic marker in ice, sediment, and 
peat core based paleoclimate archives (Lowe et al., 2017). In addition, they can sometimes 
suggest atmospheric pathways at the time of deposition as long as an accurate volcanic source is 
established. To establish this source, major and some minor elements are examined.  
 Capturing and analyzing this ultra-fine material presents a challenge, however 
advancements have been made in the area of capturing cryptotephra particles for geochemical 
analysis. Early ice core studies utilized filters (e.g. Palais et al., 1990, Germani and Buseck 1991, 
Zielinski et al., 1997). Particles analyzed on filters tend to dislodge from the filter when removed 
from vacuum, making data reproducibility difficult. Recent studies attempting to establish better 
mounting methodologies utilize pre-drilled epoxy blocks and adhesive tape (e.g. Dunbar et al., 
2003, Iverson et al., 2017) and graphite substrates (Kuehn and Froese 2010). Although these 
methods make reproducibility possible, they make finding a small amount of particles dispersed 
over a large surface area difficult to find and analyze. This study utilizes a new mounting 
technique developed at the University of Maine which condenses the area to investigate for 
particles. The details of this technique was first developed and described in Iverson et al., 2017, 
and further in this study.  
  Many studies have utilized EPMA-WDS to quantitatively analyze tephra extracted from 
ice cores (e.g. Palais et al., 1987, Zielinski et al., 1997). However, the small particle size poses a 
problem for reproducible results on a single grain using EMPA-WDS (e.g. Hunt and Hill, 2001, 
Kurbatov et al., 2006, Kuehn and Froese, 2010, Hayward, 2012). Therefore, the smaller beam 
size and collection method of the SEM-EDS system is theoretically more appropriate for these 
types of measurements. Over the years, EDS has gained the reputation of being only a semi-
quantitative technique despite studies showing that EDS was “capable of achieving relative 
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errors with the WDS distribution for major constituents when the characteristic X-ray peaks did 
not suffer significant overlap from the peaks of other elements” (Newbury and Ritchie 2015).  
 To date, our lab has been utilizing the EDAX Genesis PhiRhoZ quantification procedure 
on SEM-EDS measurements (e.g. Koffman et al., 2017, Luongo et al., 2017), which has been 
traditionally used for ultra-fine tephra particles (e.g. Palais et al., 1990). Since this is a 
standardless quantification, the elemental results (reported as wt. % oxide) are always 
normalized to 100%. The results are also adjusted through the analysis of a known material and a 
set of empirical corrections which are not always documented by the manufacturer. Using this 
technique, it is not clear how measured standards and operating conditions (probe current, length 
of measurement, etc.) impact the instrumentation results. In addition, these types of 
measurements have a greater uncertainty than that achieved by EMPA-WDS (Newbury and 
Ritchie 2015, Iverson et al., 2017). This makes comparison of SEM-EDS data with WDS, x-ray 
fluorescence (XRF), or wet chemical analyses relatively complicated. The ability to accurately 
compare chemical measurements to get a likely volcanic source for cryptotephra particles 
requires the ability to compare data and account for uncertainty available from most quantitative 
analytical methods. Therefore, adapting a fully quantitative procedure for cryptotephra 
measurements on SEM-EDS is important for future research projects.  
 A new standards-based software package for SEM-EDS analyses was released by NIST 
named DTSA-II. DTSA-II enables standard quantitative electron beam x-ray microanalysis 
(Newbury and Ritchie 2015). Using DTSA-II requires the measurement of probe current before 
and after spectrum collection, collection time per spectrum, and working distance in addition to 
beam energy and detector type. By utilizing this information, and comparing standard, reference, 
16 
 
and unknown spectra collected in the same analytical session, under the same conditions, DTSA-
II achieves fully-quantitative chemical data extracted from SEM-EDS spectra (Ritchie 2011). 
 Here, we present experimental results on several reference materials and tephra samples 
using SEM-EDS measurements quantified using DTSA-II. The future of ultra-fine 
tephrochronological research is also discussed. Tephra samples used in this study were collected 
from the South Pole Ice Core (SPICEcore).  
2. Methods 
 In this study the usability of the DTSA-II software protocol for cryototephrological 
investigations has been tested by adjusting operating procedures and instrumentation settings to 
establish a method for quantitative analysis of cryptotephra. To best simulate our cryptotephra 
measurements, experiments were run on standard glass materials (rhyolite and basalt) and a 
standard olivine of known composition. Some of the experimental parameters are probe current, 
counting time, and analytical area.  
Cryptotephra deposits from several intervals from the SPICEcore were analyzed 
following the DTSA-II and EDAX Genesis protocols to provide comparison between the two 
methods. Samples were prepared with slight modifications to the Iverson et al., 2017; with a 
detailed description follows.  
In an ultra-clean freezer, any contaminants were removed from the outside of the ice core 
and the core was sectioned into several samples. Samples were selected and sectioned based on 
glaciochemical data, apparent abundance of particles (i.e. high particle count or visible layer), 
desirable depth, and/or age range. The depth and age estimate of the seven intervals where tephra 
was extracted and analyzed for this study are reported in Table 1.1. Each sample was melted in a 
new 0.7 L Whirl-Pak bag. Meltwater was then transferred into centrifuge vials and spun at 7000 
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rpm for 15 minutes. One milliliter of sample was taken from the bottom of each vial using a 
specially adapted syringe pump. Using this pump, the water was slowly deposited inside a 
sample ring mount on to the glue side of a piece of single-sided Kapton tape supported by an 
ultra-flat metal surface on a pre-heated hot plate at 60-70°C. When the water evaporated off, the 
particles were left behind on the tape. The mount was subsequently back-filled with Buhler Epo-
Thin 2 epoxy resin and hardener and left overnight to cure. Once the tape was removed from the 
mount the particles were left embedded and exposed at the mount’s epoxy surface.  
Table 2.1 SPICEcore Sample Depths. Depth and age estimates of sample intervals analyzed for 
this study where tephra was extracted. Geochemistry of tephra particles is reported in Table 2.8.  
Sample 
ID 
Depth Interval (m) Age Estimate (C.E.) 
AntT 204 94.5-9.566 1229 
AntT 324 99.661-99.763 1171 
AntT 387 148.941-148.950 574 
AntT 390 151.581-151.64 540 
AntT 395 50-50.1 1672 
AntT 396 50.1-50.145 1675 
AntT 450 53.379-53.518 1645 
 
          All geochemical data for this study was collected on a Tescan Vega-II XMU SEM 
equipped with an EDAX Apollo SSD40 EDS detector at the University of Maine. Concentrations 
of major and minor oxides SiO2, TiO2, Al2O3, FeO, MgO, CaO, Na2O, and K2O were measured. 
Both samples and standards were analyzed with an electron beam accelerating voltage of 15 kV 
over a 0.277 by 0.277 μm scanning area for 100 seconds of live time, unless otherwise specified. 
All sample data were collected with a probe current of approximately 150 pA. All mounts are 
carbon-coated with a 15 nm layer using an Emitech high vacuum evaporator prior to analysis.  
 Because the probe current reading refreshes every second on our instrumentation, a way to 
systematically measure the probe current needed to be developed. In this study, the probe current 
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was measured in a Faraday cup by writing the highest and lowest numbers observed over a 15 
second interval, and then taking an average of those numbers. In general, over this time frame, 
the probe current varied by 10 pA.  
          The EDAX Genesis standardless procedure requires a reference material to quantify an 
unknown spectra collected on the same day. By comparing the reference material spectrum and 
the specified composition of that material, the EDAX Genesis software calculates a correction 
factor. It then utilizes that correction factor on the unknown spectra to provide semi-quantitative 
geochemical data. How that correction factor is calculated specifically is unknown. 
          The DTSA-II procedure requires the user to collect a suite of standard and reference 
spectra to quantify an unknown. In the context of DTSA-II, a reference spectrum is taken on a 
material to provide elemental peak shape information and a standard spectrum is taken on a 
material which closely matches the unknown’s composition. Spectra from standards and 
unknown materials are collected under identical conditions and the resulting intensity ratios (k-
ratios) are corrected for matrix effects in the same manner as WDS-based analysis. The DTSA-II 
program employs a novel approach to peak overlaps that are common in EDS spectra by using 
peak shape reference standards to deconvolve these spectra into individual element peak 
contributions. By using these peak contributions, the DTSA-II software provides fully 
quantitative data on SEM-EDS analyses. Table 2.2 shows the standards and reference materials 




Table 2.2 Standards and Reference List. Standards and reference materials used for each element 
in quantitative processing. 
Element Standard Standard ID Reference  Standard ID 
Na Jadeite SPI 2753-28 Jadeite SPI 2753-28 
Mg Olivine SPI 2753-34 Mg SPI 2751-4 
Al Sanidine SPI 2753-41 Al SPI 2751-5 
Si Sanidine SPI 2753-41 Si SPI 2751-6 
P Apatite SPI 2753-4 Apatite SPI 2753-4 
K Sanidine SPI 2753-41 Sanidine SPI 2753-41 
Ca Wollastonite Warnar Wollastonite Warnar 
Mn Rhondonite SPI 2753-39 Mn SPI 2751-11 
Ti Rutile SPI 2753-40 Ti SPI 2751-8 
Fe Magnetite SPI 2753-26 Fe SPI 2751-12 
 
3. Results 
 The following tables provide a summary of the experimental results so far quantified 
using the DTSA-II software (Tables 3-7). Table 2.8 provides a comparison of data quantified 
using DTSA-II and EDAX Genesis protocols. Iverson et al., (2017) discusses in detail 
uncertainties for SEM-EDS measurements using the EDAX Genesis PhiRhoZ quantification 
procedure, as well as provides a comparison between SEM-EDS and EPMA-WDS 
measurements of glass. With DTSA-II, we would expect a similar uncertainties because we are 
using the same instrumentation. In general, chemical elements with <1 wt. % oxide contribution 




Table 2.3 Rhyolite Calibration. Representative experimental results on a Smithsonian rhyolite 
standard glass (NMNH 72854 VG-568) from different analytical sessions. Each set of data is 





Na2O MgO Al2O3 SiO2 K2O CaO TiO2 MnO FeO Total 
Accepted   3.75 0.10 12.06 76.71 4.89 0.50 0.12 0.03 1.23 99.39 
3/6/2018             
3:45 141 2.56 0.08 12.15 75.90 4.87 0.36 0.23 0.05 1.14 97.34 
4:40 141 1.91 0.00 12.19 75.45 4.89 0.32 0.03 0.17 1.08 96.04 
3/15/2018             
12:45 137 2.98 0.03 11.94 77.80 4.72 0.49 0.03 0.17 0.96 99.12 
4:15 137 1.90 0.05 11.98 78.23 4.38 0.32 0.07 0.12 1.25 98.30 
3/27/2018     
  
      
11:20 168 3.13 0.02 12.70 76.28 4.75 0.38 0.05 0.01 1.63 98.95 
12:40 139 3.28 0 13.17 78.96 4.95 0.32 0.05 0.22 1.11 102.06 
5/10/2018     
  
      
1 140 3.71 0.05 11.96 77.12 4.90 0.34 0 0.40 1.34 99.82 
2:45 147 3.15 0 11.56 76.22 4.94 0.25 0.10 1.06 1.34 98.62 
3:10 500 2.39 0 11.98 77.80 4.90 0.31 0.13 0.70 1.30 99.51 
 
Table 2.4 Basalt Calibration. Representative experimental results on a Smithsonian basalt 
standard glass (NMNH 113498-I (A99)) from different analytical sessions. Each set of 





Na2O MgO Al2O3 SiO2 P2O5 K2O CaO TiO2 MnO FeO Total 
Accepted   2.66 5.08 12.49 50.94 0.38 0.82 9.30 4.06 0.15 13.30 99.18 
3/6/2018              
3:40 141 2.28 3.88 10.75 44.50 0.27 0.84 8.80 3.89 0.36 13.52 89.09 
4:30 141 2.43 4.39 11.54 47.60 0.66 0.76 9.15 3.80 0.18 13.66 94.17 
3/15/2018              
12:40 137 2.67 5.12 11.45 48.15 0.46 0.73 8.34 3.77 0.14 14.45 95.28 
4:10 137 2.48 5.11 11.45 48.32 0.44 0.73 8.23 3.67 0.22 13.86 94.51 
3/27/2018              
11:20 168 2.51 5.41 12.23 51.34 0.41 0.76 7.64 3.92 0.26 14.40 98.88 
12:30 139 2.47 5.27 12.34 51.45 0.39 0.73 7.58 4.05 0.14 14.28 98.70 
5/10/2018              
1 140 2.31 4.43 10.85 47.02 0.55 0.80 8.37 3.79 1.29 11.31 90.72 




Table 2.5 Olivine Calibration. Representative experimental results on a standard olivine 
(SPI#2753-34) from different analytical sessions. Each set of data is labeled with a date and time 





MgO SiO2 MnO FeO Total 
Accepted   50.43 41.58 0.10 7.51 99.62 
3/6/2018        
5:20 141 48.59 40.97 0 7.76 97.32 
3/15/2018        
4 137 54.39 41.03 0 7.76 103.18 
3/27/2018        
12:20 139 54.39 39.58 0 7.28 101.25 
5/10/2018        
1 140 43.61 36.37 0.08 5.53 85.59 
3 500 45.77 37.18 0.94 6.16 90.05 
 
Our experiments show variable totals for standards analyzed on the different analytical 
days under the same operating conditions (Tables 3-5).  The ranges for each elemental oxide for 
the rhyolite standard are as follows: SiO2 (75.45-78.96 wt. %), TiO2 (0-0.23 wt. %), Al2O3 
(11.56-13.17 wt. %), FeO (0.96-1.63 wt.%), MgO (0-0.08 wt. %), CaO (0.25-0.49 wt. %), Na2O 
(1.90-3.71 wt. %), MnO (0.01-1.06 wt. %), and K2O (4.38-4.95 wt. %) (Table 2.3). The widest 
range for this reference material was for Na2O, and generally similar elemental oxide values for 
SiO2, K2O, and Al2O3. The ranges for each elemental oxide for the basalt standard are as follows: 
SiO2 (44.5-51.45 wt. %), TiO2 (3.67-4.05 wt. %), Al2O3 (10.75-12.34 wt. %), FeO (11.05-14.45 
wt. %), MgO (3.88-5.41 wt. %), CaO (7.58-9.15 wt. %), Na2O (2.17-2.67 wt. %), MnO (0.14-
1.63 wt. %), and K2O (0.73-0.84 wt. %) (Table 2.4). The widest range for this reference material 
was for SiO2, and generally similar elemental oxide values for Na2O, TiO2, and K2O. The ranges 
for each elemental oxide for the olivine standard are as follows: SiO2 (36.37-41.03 wt. %), FeO 
(5.53-7.76 wt. %), MgO (43.61-54.39 wt. %), and MnO (0-0.94 wt. %) (Table 2.5). The widest 
range for this reference material was for MgO.   
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Table 2.6 Basalt Experiments for Scanning Area and Current. Basaltic glass repetitive analysis to 
show effect of scanning area and probe current variations. All measurements were taken in the 
same analytical session and the same standards/reference materials were used as in Table 2.4. 







Na2O MgO Al2O3 SiO2 P2O5 K2O CaO TiO2 MnO FeO Total 
  Accepted 2.66 5.08 12.49 50.94 0.38 0.82 9.3 4.06 0.15 13.3 99.18 
5.54 147 2.24 4.89 12.21 50.53 0.21 0.67 9.15 3.84 0 13.05 96.79 
2.77 147 2.36 5.14 11.77 50.49 0.46 0.76 9.29 3.99 0 13.35 97.61 
0.277 147 2.29 4.94 12.41 50.72 0.53 0.65 9.29 4.05 0 13.3 98.18 
5.54 503 2.47 5.06 12.53 50.38 0.46 0.86 9.37 4.05 0 13.25 98.43 
2.77 503 2.26 4.89 12.49 50.42 0.41 0.78 9.39 4.17 0.62 12.72 98.15 
0.277 503 3.95 5.27 12.83 51.96 0.39 0.84 9.35 4.07 0.15 12.87 101.68 
5.54 786 2.66 5.07 12.51 50.98 0.39 0.98 9.3 4.05 0.15 13.3 99.39 
2.77 786 2.68 5.12 12.7 51.47 0.53 0.96 9.49 3.89 0.13 13.38 100.35 
 
Table 2.7 Basalt Experiments for Collection Time. Repetitive analysis of basaltic glass with 
increasing collection time. The 50 second collection time measurement is the same analysis as 







Na2O MgO Al2O3 SiO2 P2O5 K2O CaO TiO2 MnO FeO Total 
  Accepted 2.66 5.08 12.49 50.94 0.38 0.82 9.3 4.06 0.15 13.3 99.18 
50 147 2.24 4.89 12.21 50.53 0.21 0.67 9.15 3.84 0 13.05 96.79 
100 147 2.66 5.07 12.51 50.98 0.44 0.83 9.26 4.05 0.15 13.3 99.25 
200 147 2.52 4.84 11.96 48.92 0.48 0.76 9.02 3.94 0.15 12.93 95.52 
 
 Particle data quantified using both the EDAX genesis software and DTSA-II show that 
volcanic glass particles are present in several layers of SPICEcore listed in Table 2.8 and 




Table 2.8 DTSA-II/EDAX Sample Comparison. Particle geochemical data calculated using the 
EDAX Genesis quantification procedure and DTSA-II. All data are normalized to 100%. 




Na₂O  MgO Al₂O₃ SiO₂ K₂O  CaO  TiO₂  MnO  FeO 
EDAX 
1 15 3.26 0.55 12.64 76.23 4.35 1.16 0.33 0.20 1.28 
3 8 7.89 0.36 19.08 63.53 6.94 1.15 0.12 0.37 0.57 
4 9 4.92 0.13 12.84 74.63 4.79 0.67 0.10 0.68 1.24 
6 5 2.81 0.34 11.56 77.28 4.70 0.41 0.31 0.41 2.18 
7 8 5.52 1.77 16.16 64.43 1.22 4.37 0.50 0.30 5.73 
DTSA 
1 15 2.47 0.40 12.32 76.35 4.77 1.42 0.63 0 1.66 
3 8 5.67 0.14 19.37 64.30 8.41 1.63 0.12 0.06 0.30 
4 9 2.77 0 12.44 76.71 5.90 0.88 0 0.68 0.62 
6 5 1.65 0.13 11.01 77.98 5.65 0.38 0.50 0 2.68 
7 8 3.86 1.78 15.83 62.80 1.14 5.81 1.05 0 7.71 




Na₂O  MgO Al₂O₃ SiO₂ K₂O  CaO  TiO₂  MnO  FeO 
EDAX 
1 20 2.67 0.41 11.91 78.8 3.37 1.05 0.24 0.25 1.3 
4 10 2.81 0.23 12.68 78.64 3.24 1.12 0.13 0.1 1.05 
5 5 3.76962 0.25997 12.9287 75.9524 4.60954 0.46995 0.17998 0.65993 1.16988 
6 6 3.2 0.3 13.89 75.36 4.65 1.04 0.26 0.32 0.98 
8 5 3.8 0 11.47 79.38 3.25 0.76 0 0.09 1.25 
9 7 1.11 1.26 14.19 73.76 3 0.99 0.41 0.73 4.55 
11 10 2.29 0.72 12.86 75.58 3.22 2.48 0.32 0.15 2.38 
12 10 2.79 0.64 12.67 76.84 2.99 1.71 0.45 0.18 1.73 
13 6 2.87 0.37 11.75 79.19 3.24 0.75 0.27 0.35 1.21 
15 15 4.0396 0.41996 12.7287 75.8124 3.0297 1.65983 0.28997 0.26997 1.74983 
DTSA 
1 20 1.85 0.24 11.48 79.47 3.73 1.06 0.12 0.06 2.01 
4 10 1.96 0.11 12.20 78.70 3.72 1.32 0.27 0 1.72 
5 5 2.18 0 11.88 78.94 5.55 0.17 0 0.40 0.88 
6 6 2.19 0.16 13.60 76.03 5.31 0.81 0.49 0.13 1.28 
8 5 2.64 0 11.10 79.80 3.81 0.75 0.00 0.03 1.86 
9 7 0.61 0.94 12.89 73.66 3.31 0.72 0.28 0.17 7.44 
11 10 1.55 0.47 12.07 75.35 3.60 2.72 0.47 0.13 3.65 
12 10 2.11 0.44 12.28 76.85 3.29 1.65 0.54 0.03 2.80 
13 6 1.87 0.11 11.14 80.62 3.80 0.72 0.21 0 1.53 





Table 2.8 Continued. 




Na₂O  MgO Al₂O₃ SiO₂ K₂O  CaO  TiO₂  MnO  FeO 
EDAX 
2 4 2.99 0.96 13.88 69.17 3.75 2.73 0.62 0.44 5.46 
3 3 4.61 0.84 16.23 67.05 8.11 0.25 0.18 0.19 2.54 
4 5 1.98 1.62 15.07 73.44 3.40 1.13 0.26 0.28 2.82 
DTSA 
2 4 2.62 1.06 14.06 71.06 5.60 3.99 1.62 0 0 
3 3 4.09 0.47 15.33 64.61 11.33 0.31 0 0.25 3.61 
4 5 1.76 1.32 14.87 75.71 4.63 1.47 0.24 0 0 




Na₂O  MgO Al₂O₃ SiO₂ K₂O  CaO  TiO₂  MnO  FeO 
EDAX 
1 8 3.94 0.28 13.39 76.87 3.42 1.10 0.21 0.32 0.47 
2 4 4.65 0.53 12.75 76.49 2.81 1.21 0.14 0.25 1.17 
3 6 4.38 0.55 13.18 75.44 2.39 1.88 0.30 0.32 1.56 
4 7 5.67 0.53 12.11 75.25 3.34 1.50 0.20 0.16 1.24 
6 8 3.40 0.36 12.86 77.98 3.32 1.13 0.24 0.09 0.62 
7 6 4.25 0.30 12.09 78.58 2.80 0.82 0.12 0.11 0.93 
DTSA 
1 8 2.70 0.08 13.05 77.76 3.97 1.35 0.41 0.16 0.51 
2 4 3.40 0.22 12.50 77.07 3.22 1.29 0.28 0.29 1.72 
3 6 3.18 0.38 12.66 76.20 2.81 2.01 0.51 0 2.24 
4 7 4.29 0.34 11.83 75.83 3.81 1.59 0.31 0 1.99 
6 8 2.55 0.15 12.66 78.61 3.69 1.17 0.53 0 0.65 
7 6 3.45 0.16 12.05 78.75 3.13 0.87 0.34 0.05 1.20 




Na₂O  MgO Al₂O₃ SiO₂ K₂O  CaO  TiO₂  MnO  FeO 
EDAX 
2 4 4.77 0.63 11.14 73.95 4.29 3.54 0.32 0.24 1.13 
4 4 4.97 1.11 13.79 71.41 2.61 2.72 0.50 0.32 2.56 
DTSA 
2 4 3.43 0.56 11.29 72.98 5.13 4.40 0.69 0.17 1.34 
4 4 4.11 0.87 14.37 70.21 3.09 2.91 0.92 0.23 3.30 




Na₂O  MgO Al₂O₃ SiO₂ K₂O  CaO  TiO₂  MnO  FeO 
EDAX 
1 4 4.75 2.89 18.77 60.06 2.39 1.51 0.45 0.95 8.23 
5 5 7.07 0.44 18.74 66.69 4.72 1.39 0.06 0.28 0.61 
8 4 4.08 3.26 15.23 67.33 2.02 0.72 0.36 0.20 6.80 
9 3 4.44 2.43 17.92 66.36 1.58 0.48 1.23 0 5.56 
10 4 4.54 2.47 19.59 64.33 1.58 0.85 0.31 0.36 5.97 
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Table 2.8 Continued. 
11 5 4.61 2.47 18.24 66.90 1.65 0.83 0.12 0 5.18 
13 5 2.16 2.34 15.74 69.89 1.42 1.44 0.35 0.41 6.26 
DTSA 
1 4 3.62 2.66 18.07 56.57 2.61 2.54 1.01 0.67 12.25 
5 5 5.86 0.07 18.18 66.22 6.26 2.59 0.00 0.05 0.78 
8 4 3.72 3.05 14.56 64.12 2.38 1.26 1.21 0.15 9.56 
9 3 3.45 2.07 16.71 61.90 1.76 0.54 4.57 0.15 8.85 
10 4 3.48 2.11 19.19 62.72 1.97 1.43 0.61 0 8.48 
11 5 3.60 2.15 17.03 63.87 2.25 1.60 0.89 0.35 8.25 
13 5 1.79 2.21 14.86 66.91 1.75 2.33 0.96 0.02 9.18 




Na₂O  MgO Al₂O₃ SiO₂ K₂O  CaO  TiO₂  MnO  FeO 
EDAX 
1 4 4.66 0.6 13.72 73.97 4.98 0.93 0.18 0.18 0.78 
2 4 4.93 4.92 16.22 60.58 4 1.09 0.73 0.49 7.04 
DTSA 
1 4 3.29 0.25 11.89 72.24 10.14 1.04 0 0 1.14 





Figure 2.1 AntT 204 EDAX and DTSA Harker Diagrams. Harker diagrams of particle 
geochemical data extracted from 94.5-94.566 meters (Sample number AntT 204) of SPICEcore 
quantified using EDAX Genesis and DTSA-II. Orange symbols are quantified with DTSA and 
blue symbols are quantified with EDAX Genesis. General descriptions of each plot follows. 
EDAX Genesis and DTSA-II have close agreement in the SiO2 component for all particles 
except particle 4 (circle). SiO2/Na2O plot: DTSA-II suggests lower Na2O component than EDAX 
Genesis for all particles. SiO2/K2O plot: DTSA-II suggests a higher K2O component than EDAX 
Genesis for all particles except particle 7 (diamond). SiO2/Al2O3 plot: DTSA-II and EDAX 
Genesis generally have close agreement for all particles. SiO2/FeO plot: DTSA-II and EDAX 




Figure 2.2 AntT 324 EDAX and DTSA Harker Diagrams. Harker diagrams of particle 
geochemical data extracted from 99.661-99.763 meters (Sample number AntT 324) of 
SPICEcore quantified using EDAX Genesis and DTSA-II. Orange symbols are quantified with 
DTSA and blue symbols are quantified with EDAX Genesis. General descriptions of each plot 
follows. EDAX Genesis and DTSA-II generally have close agreement in the SiO2 component for 
all particles except particle 5 (asterisk). SiO2/Na2O plot: DTSA-II suggests lower Na2O 
component than EDAX Genesis for all particles. SiO2/K2O plot: DTSA-II suggests a slightly 
higher K2O component than EDAX Genesis for all particles. SiO2/Al2O3 plot: DTSA-II generally 
suggests a slightly lower Al2O3 component than EDAX Genesis for all particles. SiO2/FeO plot: 




Figure 2.3 AntT 387 EDAX and DTSA Harker Diagrams. Harker diagrams of particle 
geochemical data extracted from 148.941-148.950 meters (Sample number AntT 387) of 
SPICEcore quantified using EDAX Genesis and DTSA-II. Orange symbols are quantified with 
DTSA and blue symbols are quantified with EDAX Genesis. General descriptions of each plot 
follows. DTSA-II suggests a higher SiO2 component than EDAX Genesis for all particles except 
particle 3 (diamond). SiO2/Na2O plot: DTSA-II suggests a slightly lower Na2O component than 
EDAX Genesis for all particles. SiO2/K2O plot: DTSA-II suggests a slightly higher K2O 
component than EDAX Genesis for all particles. SiO2/Al2O3 plot: DTSA-II is in close agreement 
with EDAX Genesis for all particles except particle 3 (diamond) for the Al2O3 component. 
29 
 
SiO2/FeO plot: DTSA-II suggests much lower FeO component than EDAX Genesis for all 
particles except particle 3 (diamond). 
 
Figure 2.4 AntT 390 EDAX and DTSA Harker Diagrams. Harker diagrams of particle 
geochemical data extracted from 151.581-151.64 meters (Sample number AntT 390) of 
SPICEcore quantified using EDAX Genesis and DTSA-II. Orange symbols are quantified with 
DTSA and blue symbols are quantified with EDAX Genesis. General descriptions of each plot 
follows. EDAX Genesis and DTSA-II generally have close agreement in the SiO2 component for 
all particles. SiO2/Na2O plot: DTSA-II suggests a lower Na2O component than EDAX Genesis 
for all particles. SiO2/K2O plot: DTSA-II suggests a higher K2O component than EDAX Genesis 
for all particles. SiO2/Al2O3 plot: DTSA-II suggests a lower Al2O3 component than EDAX 
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Genesis for all particles. SiO2/FeO plot: DTSA-II suggests a higher FeO component than EDAX 
Genesis for all particles. 
 
Figure 2.5 AntT 395 EDAX and DTSA Harker Diagrams. Harker diagrams of particle 
geochemical data extracted from 50-50.1 meters (Sample number AntT 395) of SPICEcore 
quantified using EDAX Genesis and DTSA-II. Orange symbols are quantified with DTSA and 
blue symbols are quantified with EDAX Genesis. General descriptions of each plot follows. 
EDAX Genesis and DTSA-II generally have close agreement in the SiO2 component for all 
particles. SiO2/Na2O plot: DTSA-II suggests a lower Na2O component than EDAX Genesis for 
all particles. SiO2/K2O plot: DTSA-II suggests a higher K2O component than EDAX Genesis for 
all particles. SiO2/Al2O3 plot: DTSA-II suggests a slightly higher Al2O3 component than EDAX 
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Genesis for all particles. SiO2/FeO plot: DTSA-II suggests a slightly higher FeO component than 
EDAX Genesis for all particles. 
 
Figure 2.6 AntT 396 EDAX and DTSA Harker Diagrams. Harker diagrams of particle 
geochemical data extracted from 50.1-50.145 meters (Sample number AntT 396) of SPICEcore 
quantified using EDAX Genesis and DTSA-II. Orange symbols are quantified with DTSA and 
blue symbols are quantified with EDAX Genesis. General descriptions of each plot follows. 
DTSA-II suggests a lower SiO2 component than EDAX Genesis for all particles except particle 5 
(open circle). SiO2/Na2O plot: DTSA-II suggests a lower Na2O component than EDAX Genesis 
for all particles. SiO2/K2O plot: DTSA-II suggests a slightly higher K2O component than EDAX 
Genesis for all particles. SiO2/Al2O3 plot: DTSA-II suggests a lower Al2O3 component than 
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EDAX Genesis for all particles except particle 5 (open circle). SiO2/FeO plot: DTSA-II suggests 
a higher FeO component than EDAX Genesis for all particles except particle 5 (open circle). 
 
Figure 2.7 AntT 450 EDAX and DTSA Harker Diagrams. Harker diagrams of particle 
geochemical data extracted from 53.379-53.518 meters (Sample number AntT 450) of 
SPICEcore quantified using EDAX Genesis and DTSA-II. Orange symbols are quantified with 
DTSA and blue symbols are quantified with EDAX Genesis. General descriptions of each plot 
follows. EDAX Genesis and DTSA-II generally have close agreement in the SiO2 component for 
all particles. SiO2/Na2O plot: DTSA-II suggests a much lower Na2O component than EDAX 
Genesis for all particles. SiO2/K2O plot: DTSA-II suggests a much higher K2O component than 
EDAX Genesis for all particles. SiO2/Al2O3 plot: DTSA-II suggests a lower Al2O3 component 
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than EDAX Genesis for all particles except particle 5.. SiO2/FeO plot: DTSA-II suggests a 
higher FeO component than EDAX Genesis for particle 2 (diamond) and is in close agreement 
for particle 1 (square).  
4. Discussion 
The viability of DTSA-II for crytotephrological investigations is inconclusive using our 
current operating procedures. On some days, certain standards have good measurements; 
however it is inconsistent (Tables 2.3-2.5). No discernable patterns are present. Figures 2.8 and 
2.99 and Tables 2.6 and 2.7 suggest that a higher probe current provides the best results, 
changing the scanning area size has no effect, and a collection time of 100 live seconds provides 
the best results. Moving to a higher beam current than what has been done in past studies 
(Koffman et al., 2017) would force our lab to consider other options for some elements due to 
alkaline elemental drifting concerns (Lowe, 2011).  
 
Figure 2.8 Table 2.6 Figure. Comparison of data displayed in table 2.6 showing the relationship 
between analytical scanning area and analytical total with changing probe current for a basaltic 



























Figure 2.9 Table 2.7 Figure. Comparison of data displayed in table 2.7 showing the relationship 
of collection time and analytical total for a basaltic reference material. All data was collected 
using a 147 pA probe current.  
Although we would expect to have similar uncertainties for SEM-EDS data quantified 
using both procedures (EDAX Genesis and DTSA-II) as discussed by Iverson et al., 2017, the 
inconsistencies in the presented reference material dataset (Tables 3-7) shows that the DTSA-II 
quantification technique following the protocol utilized in this study would produce higher 
errors.  
Comparison between the EDAX genesis and DTSA-II quantification techniques show 
several areas of departure, particularly with regards to iron (Table 2.8, Figures 2.1-2.7). In 
general, the patterns of the data are similar. When one element is in low or high abundance, it is 
showing the same pattern in both quantitative techniques. However, the exact number is 
sometimes several weight percent different between the techniques. This presents a problem for 



















Collection time (seconds of live time)
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Sample topography and orientation, the sample holder, and the measurement of the probe 
current are sources of potential uncertainty. The topographic variations of the unpolished 
cryptotephra particles potentially pose a problem for consistent results because path of the x-rays 
to the detector differs between particles and standards. Throughout the course of this study, 
attempts were made to create a polishing procedure for cryptotephra particles; however, it was 
never fully achieved due to sample loss from polishing. Perfecting the polishing procedure for 
cryptotephra particles is highly recommended for future studies.  
The reference and standard materials would not have this problem because they are finely 
polished, however the sample holder used in this study may impart an unintended tilt or 
movement of the material. This would also affect how the x-rays scatter to the detector, and 
cause large uncertainties in the analytical results. When the standard and reference mounts were 
loaded into the sample holder, several glass plates had to be used to ensure the mounts were at 
the same height on the holder, and slight variations in those plates may have caused the mounts 
to tilt and even wiggle during the analytical session if not perfectly secured. It is highly 
recommended that future studies utilize a sample mount holder where all the samples are held at 
the same level without the use of these plates.  
The probe current measurement varied throughout some analytical sessions (Tables 2.3-
2.5). It is likely that this variation is a product of how the probe current is measured through the 
software (described in methods). Doing more experiments like that shown in Figures 2.8 and 2.9 
(Tables 2.6 and 2.7), and others that investigate the relationship of beam current and other 




A potential drawback to the current manual use of DTSA-II software for 
cryptotephrological investigations is the time it requires to quantify spectral data. Unlike the 
standardless software packages which are practically instantaneous, DTSA-II takes several hours 
per sample to accomplish full spectra quantification. This makes it very difficult to ensure the 
instrumentation is running as expected (i.e. produces good data based on standard comparison) 
before moving on to collect unknown spectral data. In addition, because we are doing particle 
analyses, finding particles to analyze can take upwards of 3-4 hours per mount, which does not 
include time to obtain the spectra themselves. Having exceedingly long analytical sessions may 
pose problems for the integrity of the standardization procedure by the end of the session, and 
therefore the quantification results. In the future, this can be improved by implementing more 
automatic DTSA-II-based processing routines using python-based scripts. One recommendation 
is to pre-analyze the mount to identify particles of interest at a low beam current, and return to it 
at a later date to do a full analysis. 
The data shown in Table 2.8 summarized volcanic glass present in a number of layers of 
SPICEcore. At the present time, these rhyolites and andesites do not have an established volcanic 
eruption source. However, as the Antarctic tephrochronological tephra framework matures, these 
tephra deposits will provide robust geochemical horizons that will be used in future stratigraphic 
correlations. 
Although the initial results are inconclusive, they are hopeful nonetheless. Table 2.6 
shows fairly consistent measurements on one standard throughout a single analytical session. 
Meaning, the DTSA-II software is a viable option for our current instrumentation; however many 
more tests need to be performed before these authors are comfortable using it consistently for 




 This work improves several techniques for analyzing tephra extracted from ice cores. The 
first chapter demonstrates that new mounting techniques lead to identification and analysis of 
tephra particles that successfully solved one of the most mysterious sulfate signal sources 
attributed to one of the largest volcanic eruptions that occurred in the 1450’s C.E. The chemistry 
of the tephra deposits show that the accepted volcanic source (Kuwae) is incorrect. This finding 
has implications for volcanic forcing parameters used in paleoclimate models. The second 
chapter tests fully quantitative techniques using SEM-EDS detector. Although the results show 
that the technique needs additional modifications, it has the potential to become a viable 
alternative for the instrumentation required to establish geochemical signatures for cryptotephra 
extracted from polar ice cores. 
 The data quality from the experimental results in Chapter 2 are seemingly not systematic, 
and more tests may help identify the problems occurring on the low total days. The DTSA-II 
methodology takes a fair amount of time to accomplish from start to finish. So, developing 
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APPENDIX A: CHAPTER 1 SUPPLEMENT 










Figure A.1 Glaciochemistry Plots. Glaciochemical data from multiple ice core records for the 
1440-1465 C.E. time intervals show a large increase in measured impurities around 1450 C.E. 
Dark blue plots show sulfate flux in kg/km2, light blue plots show sulfate in ppb, and red plots 
show ECM in μS/m for the respective core indicated on each plot. All data except WAIS 06A 
(Sigl et al., 2016), South Pole 2001 (Budner and Cole-Dai 2003), and SPICE (this study) are 
based on Figure 3 in Gao et al., 2006. Particles were extracted from the grey highlighted section 
on the SPICEcore chemistry plots. 
A.2. Mounting Methodology 
 This study utilizes recent methodological advancements first summarized by Iverson et 
al. 2016 and then further refined in this study. The ice core is decontaminated and sectioned in an 
ultra-clean freezer laboratory into samples following a yearly sampling regime determined by the 
timescale. The individual samples are then melted in a clean 0.7 L Whirl-Pak bag. Meltwater is 
transferred into centrifuge vials and spun at 7000 rpm for 15 minutes. One milliliter of sample 
from the bottom of each centrifuge tube is then subsequently evaporated on a pre-heated hot 
plate at 60-70°C inside of a specially manufactured sample ring mount holder. The water is 
slowly deposited inside a mount to the glue side of a piece of single-sided Kapton tape, which is 
supported by an ultra-flat metal surface. Once all water is evaporated for the selected sample, the 
ring mount is back-filled with Buhler Epo-Thin 2 epoxy resin and hardener, and left overnight to 
cure under room temperature. Once the epoxy is cured, the mount is detached from the tape, with 
all embedded particles exposed at the surface. Previous test experiments have shown that no 
chemical residue remains from the interaction between the tape adhesive and any insoluble 




Appendix A.3. Analytical Settings  
 a.  SEM-EDS 
 Because most particles were smaller than 10 µm, sample mounts were not polished 
before SEM/EDS geochemical analysis. Concentrations of major and minor oxides: SiO2, TiO2, 
Al2O3, FeO, MgO, CaO, Na2O, and K2O were measured via secondary electron beam x-ray 
microanalysis using the University of Maine’s Tescan Vega XMU scanning electron microscope.  
The sample mounts were coated with a 15nm layer of carbon using an Emitech high vacuum 
evaporator.  Particles were analyzed with a 15kV beam scanned over a 1-2 μm area using a 
40mm2 EDAX Apollo™ energy dispersive x-ray detector and EDAX Genesis™ software.  Each 
analysis accumulated the x-ray spectra for 100 seconds of live time over 1 analytical spot, and 
the net peak intensities were converted to oxide weight percent using a standardless, PhiRhoZ-
based correction (Brown and Packwood, 1981).  An additional EDAX Genesis™ PhiRhoZ 
correction was calculated for tephra using the Smithsonian Rhyolite Glass (NMNH 72854 VG-
568).  
 b.  EMPA-WDS 
 The mount was polished prior to microprobe analysis following Iverson et al., 2017. 
WDS analyses were performed using the University of Maine’s SX-100 electron microprobe 
using a method modified from Hayward (2011).  In this method, three different analytical 
conditions were used in order to prevent Na migration, optimize precision, and maximize 
detection limits of minor elements.  NaKα and AlKα were analyzed on a TAP crystal at 15kV, 
500pA, an a 6 m beam, SiKα(TAP), CaKα(2 PET), KKα(2 PET), MgKα(TAP) and FeKα(LiF) 
were analyzed at 15kV, 2nA, and a 6 m beam, and FKα(2 TAP), PKα(2 PET), SKα(2 PET), 
ClKα(2 PET), TiKα(2 PET), and FeKα(LiF) were analyzed at 15kV, 80nA, and a 6 m beam.  
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Simple silicate and oxide standards and the matrix correction of Merlet (1994) were used.  
Counting times varied from 20 to 80 sec.  Smithsonian Rhyolite Glass (NMNH 72854 VG-568) 
and Smithsonian Basaltic Glass (NMNH 113498-I (A99)) were analyzed as reference materials 
to monitor analytical accuracy and precision. 
Appendix A.4. Particle Geochemistry 
Table A.4 Normalized SPICEcore glass particle analyses. EMPA-WDS analyses represent a 
duplicate analysis of particles analyzed on SEM-EDS. Particle size is the maximum diameter 
when analyzing on specified instrumentation. Particle chemistry from multiple analyses 
represent the average of the multiple analyses. See Appendix A.3 for analytical settings. 
Standards analyzed are the Smithsonian Rhyolite Glass (“Rhy Std”, NMNH 72854 VG-568) and 
the Smithsonian Basaltic Glass (“Bas Std”, NMNH 113498-I (A99)). The certified composition 
for the rhyolite glass is as follows: Na2O (3.75), MgO (0.10), Al2O3
 (12.06), SiO2 (76.71), K2O 
(4.89), CaO (0.50), TiO2 (0.12), MnO (0.03), and FeO (1.24).  The certified composition for the 
basalt glass is as follows: Na2O (2.66), MgO (5.08), Al2O3
 (12.49), SiO2 (50.94), K2O (0.82), 












Na2O MgO Al2O3 SiO2 P2O5 SO3 K2O CaO TiO2 MnO FeO Total 
Original 
Total 
1 50 SEM-EDS 1 2.13 0.35 13.37 76.67 0.04 0.12 3.09 1.54 0.4 0.29 2 100   
2 12 SEM-EDS 2 3.16 0.22 13.55 75.63 0 0.15 2.88 1.52 0.48 0.14 2.3 100.01   
3 45 SEM-EDS 1 2.19 0.37 13.44 77.11 0.05 0.23 2.76 1.42 0.34 0.24 1.84 99.99   
4 40 SEM-EDS 2 3.67 0.21 13.29 75.07 0.01 0.13 3.1 1.46 0.44 0.13 2.51 100   
5 20 SEM-EDS 1 4.02 0.25 12.52 79.1 0 0.14 2.68 0.45 0 0 0.84 100   
6 15 SEM-EDS 2 3.01 0.27 14.47 72.64 0.01 0.09 4.78 0.64 1.45 0.07 2.61 100   
7 10 SEM-EDS 1 2.98 0.39 13.21 76.02 0.33 0.26 2.84 1.42 0.33 0.22 2.01 100.01   
8 5 SEM-EDS 1 3.03 0.16 12.42 78.59 0.01 0.22 2.87 0.77 0.42 0 1.51 100   
9 8 SEM-EDS 1 3.49 0.06 12.51 79.59 0.09 0.07 2.7 0.49 0 0 1.01 100.01   
10 7 SEM-EDS 1 2.98 0.14 12.83 78.18 0.01 0.2 2.95 0.52 0.34 0.15 1.69 99.99   
mean 
   
3.07 0.24 13.16 76.86 0.05 0.16 3.06 1.02 0.42 0.12 1.83 100   
st. dev.       0.56 0.1 0.59 2.02 0.1 0.06 0.59 0.46 0.38 0.1 0.56     
Rhy Std   SEM-EDS 1 3.76 0.1 12.08 76.88 0.01 0.18 4.9 0.5 0.12 0.18 1.28 100   
Rhy Std 
 
SEM-EDS 1 3.76 0.1 12.1 77.01 0.01 0.2 4.91 0.5 0.12 0 1.29 100   
Rhy Std 
 
SEM-EDS 1 4.03 0.04 13.2 74.49 0.02 0.33 5.18 0.71 0.08 0.36 1.55 100   
mean 
   
3.85 0.08 12.46 76.13 0.01 0.24 5 0.57 0.11 0.18 1.37 100   
st. dev.       0.13 0.03 0.52 1.16 0 0.07 0.13 0.1 0.02 0.15 0.12     
1 50 EMPA-WDS 2 5.45 0.32 11.98 75.85 0.06 0.06 2.85 1.39 0.21 0.08 1.75 100 75.35 
3 45 EMPA-WDS 1 5.1 0.31 12.45 75.8 0.06 0.06 2.77 1.4 0.22 0.08 1.76 100 83.22 
mean 
   
5.28 0.32 12.21 75.83 0.06 0.06 2.81 1.4 0.21 0.08 1.76 100   
st. dev.       0.18 0 0.23 0.03 0 0 0.04 0 0 0 0     
Bas Std   EMPA-WDS 1 2.57 5.07 12.53 51.84 0.43 0.01 0.83 9.08 3.98 0.2 13.47 100 99.01 










3.66 0.02 12.47 77.3 0 0.01 4.9 0.45 0.08 0.02 1.1 100 99.87 
mean 
   
2.9 0.02 12.5 78.17 0 0 4.71 0.43 0.08 0.03 1.15 
 
  
st. dev.       0.86 0.01 0.39 0.89 0 0 0.41 0.02 0 0 0.04     
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Appendix A.5 Figure 2 Subset 
 
Figure A.5 Subset of Figure 1.2 (see associated caption for additional information).  
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